Stroke is a disease that mainly affects the elderly and modeling stroke in aged animals is clinically more relevant. The inflammatory responses to stroke are a fundamental pathological procedure where microglial activation plays an important role. Interferon regulatory factor-5 (IRF5) and IRF4 regulate M1 and M2 activation of macrophages, respectively, in peripheral inflammation; but it is unknown whether IRF5/IRF4 are also involved in cerebral inflammatory responses to stroke and whether age-related differences of the IRF5/IRF4 signaling exist in the ischemic brain. Here, we investigated the impacts of aging on IRF5/IRF4 signaling and poststroke inflammation in mice. Both young (9-12 weeks) and aged (18 months) male mice were subject to middle cerebral artery occlusion (MCAO). Morphological and biochemical changes in the ischemic brains and behavior deficits were assessed on 1, 3, and 7 d post-stroke. After MCAO, the aged mice showed smaller infarct sizes but worse behavior deficits than young mice. Young mice had significantly more IRF4/CD206 double positive microglia in the ischemic brains, whereas the aged mice had more IRF5 + and MHCII + microglia after stroke than their counterparts. In addition, serum pro-inflammatory cytokines (TNF-α, iNOS, IL-6) were more robustly up-regulated in aged mice, whereas serum anti-inflammatory cytokine (TGF-β, IL-4, IL-10) levels were higher in young mice compared to their counterparts after MCAO. Our results demonstrate that aging has a significant effect on stroke outcomes in mice, which is most likely mediated by age-specific inflammatory responses.
Introduction
Ischemic brain injury results from a cascade of events initiated by energy depletion including glutamate excitotoxicity, oxidative stress, and inflammation. Cerebral ischemia induces inflammatory responses in both the brain parenchyma and systemic circulation. Within hours after the ischemic insult, cytokines are produced in large amounts, and leukocytes are activated and consequently migrate toward the injured brain tissue [1] . Concomitantly, microglia undergo a phenotypic transformation from a resting state to an "activated" phenotype and develop macrophage-like abilities [2] . The activated microglia produce pathological molecules such as reactive oxygen species, cytokines, and proteases that kill neighboring cells, disrupt the blood-brain barrier, and perpetuate the inflammatory response [3] . In addition, the activated microglia are also highly plastic cells that can exhibit either a pro-inflammatory (M1) or anti-inflammatory (M2) phenotype depending on the progression of the disease [4] , to aggravate the ischemic injury or attenuate the inflammation respectively.
Age-related differences exist in microglia, and the microglial response to stroke differs with aging. Aging is associated with low-grade neuroinflammation (termed "inflammaging" [5] ) demonstrated by basal increases in levels of circulating proinflammatory cytokines, increased expression of pro-inflammatory mediators and decreased anti-inflammatory markers in microglia [6] . Clinically aged stroke patients have worse outcomes and higher morbidity/mortality than do young patients [7] . This phenomenon has been recapitulated in experimental studies. For example, our previous data have shown more severe behavioral deficits and higher mortality in aged vs young animals after stroke [8] . Whether the worsened functional outcomes in the aged population are caused by "inflammaging" is not known.
Accumulating data have shown that interferon regulatory factors play an important role in regulating inflammation [9] [10] [11] . IRF4 is a negative regulator of inflammation and mediates macrophage M2 polarization [10] . IL-4 induces the expression of IRF4 in macrophages and consequently increases the expression of M2 marker genes such as Arg1, Ym1, and Fizz1 [12] . IRF5 is a critical component in the Toll-like receptor 4 (TLR4)-MyD88-IRF5 signaling pathway, which regulates the expression of inflammatory cytokines [11] . After being activated by TLR4 signal transduction, IRF5 induces the expression of proinflammatory cytokines including TNF-α, IL-6, and IL-12 and promotes the M1 polarization of macrophages [13] . To date, no studies have reported the role of IRF4 or IRF5 signaling in the activation of microglia, the resident macrophages in the brain.
In this study, we used a well-established murine model of focal cerebral ischemia/reperfusion to investigate the temporal kinetics of microglial polarization in mice of different ages after stroke. We found that microglia were differentially activated in young vs aged ischemic brains and that microglial IRF4/5 expression corresponded to the age-related difference.
Materials and methods
Animals C57BL/6 mice were purchased from the Nanjing Qinglongshan Animal Breeding Center. All animal protocols were approved by the Institutional Animal Care and Use Committee of Wannan Medical College. The mice were group-housed and maintained on a 12:12 h light/dark cycle and given ad libitum access to water and rodent chow. Both young male mice (9-12 weeks; 21-25 g) and aged male mice (18 months; 30-40 g) were utilized.
Focal cerebral ischemia model
Focal cerebral ischemia was induced by intraluminal occlusion of the right middle cerebral artery (MCA) for 90 min under isoflurane anesthesia, as described previously [14] . To occlude the MCA, 6-0 nylon suture filaments with different sizes of silicone-coated tips were utilized in young (0.21 mm) and aged (0.23 mm) mice. To assess physiological parameters in mice of both ages, cerebral blood flow (CBF) was monitored by laser Doppler flowmetry (LDF, Moor Instruments Ltd, UK), and blood pH, pO 2 , pCO 2 , and glucose were examined through femoral artery tubing in a separate non-survival cohort. For all MCAO mice, the rectal temperature was maintained at 37.0±0.5 °C during surgery and MCA occlusion (MCAO) via a temperature-regulated heating pad. Sham-operated animals underwent the same anesthesia and surgical procedures but were not subjected to MCAO. The animals were randomly assigned to sham and MCAO groups with different reperfusion durations through the use of a lottery-drawing box. All biochemical and histological (immunostaining and cell counting) assessments were performed by investigators who were blinded to the experimental group assignments. A total of 198 mice (32 sham-operated and 166 ischemic mice) were used in this study, including 22 mice that were excluded from further assessments because of either death after ischemia or failure in ischemia induction.
Neurological behavior tests At 1, 3 and 7 d of stroke, neurological deficit scores (NDS) were assessed using a nine-point scale method [15] . The scale was based on the following observations: (1) absence of neurological deficits (0 point), (2) left forelimb flexion upon suspension by the tail or failure to fully extend the right forepaw (1 point), (3) left shoulder adduction upon suspension by the tail (2 points), (4) decreased resistance to a lateral push toward the left (3 points), (5) spontaneous movement in all directions with circling to the left only if pulled by the tail (4 points), (6) circling or walking spontaneously only to the left (5 points), (7) walking only when stimulated (6 points), (8) no response to stimulation (7 points), and (9) stroke-related death (8 points) .
The corner test [16] was performed at 7 d post-stroke. The mouse was placed between two cardboard pieces (each 30 cm×20 cm×1 cm), and the boards were gradually moved closer to the mouse from both sides to encourage the mouse to enter into a corner of 30° with a small opening along the joint between the two boards. When each mouse entered the deepest part of the corner, both sides of the vibrissae were stimulated by the two boards. Then, the mouse reared forward and upward and turned back to face the open end. Twenty trials were performed for each mouse, and the percentage of right turns was calculated. Only turns involving full rearing along either board were recorded.
Infarct volume measurement
At the indicated time points, the mice were euthanized, and the brains were removed and cut into five 2 mm slices. The slices were stained with 1.5% of 2,3,4-triphenyltetrazolium chloride (TTC) solution and incubated in a 37 °C water bath for 8-10 min; the solution was changed to 4% formalin under a hood, and the slices were fixed overnight. The slice photos were taken within 24 h after TTC staining, and the infarct volumes were quantified with Swanson's method [17] .
Immunofluorescence
Mouse brains were perfused intracardially with 1×PBS and 4% formalin; next, the brains were removed and post-fixed in 4% formalin overnight. After post-fixation, the brains were transferred to 30% sucrose solution until equilibration and then preserved in a -80 °C freezer. After all samples were collected, the brains were cut into 30 μm coronal sections on a freezing microtome, and the slices were then preserved in 96-well plates filled with Antifreeze solution. After being washed and blocked, the brain slices were incubated with primary antibodies overnight, then stained with secondary antibodies. The primary antibodies were mouse anti-CD206 ( 
Statistical analysis
All data were presented as mean±standard error of the mean (SEM) and analyzed with a t-test for two groups and twoway ANOVA (with Tukey's post hoc correction for multiple comparisons when appropriate) for comparison of the means between the experimental groups. NDS were analyzed with a Mann-Whitney U-test. P<0.05 was considered statistically significant. All in vivo and imaging studies were performed in a blinded manner. Because of the higher body weights and severe behavioral deficits in aging mice, MCAO surgeons and behavior test observers were aware of the grouping (aging vs young).
Results
Stroke outcomes were different between young and aged mice To compare stroke outcomes between young and aged animals, we first examined the infarct volumes and neurological behavior at different time points (1, 3, and 7 d) of MCAO in mice of both ages. At each time point, 90 min of MCAO induced significantly larger infarcts in young vs aged animals ( Figure 1A, 1B) . The infarct sizes were equivalent at 1 and 3 d of stroke in both the young and aged mice, and then decreased at d 7 in both cohorts. Behavior deficits were examined by NDS and the corner test, and the results showed a pattern opposite from that of infarct volumes. At each time point, aged animals had significantly higher NDS than their young counterparts ( Figure 1C) ; at d 7 post-stroke, significantly more right turns in the corner test were seen in the aged vs young animals ( Figure 1D ). There were no significant differences in blood levels of pH, pO 2 , pCO 2 , and glucose between young and aged animals at reperfusion; CBF decreased to equivalent levels after MCAO and returned to nearly 90% of baseline levels after reperfusion in both young and aged mice (Table 1) .
Microglia were differentially activated in young vs aged animals after stroke Post-stroke inflammation contributes to secondary neuronal damage and affects recovery from ischemic injury. To investigate whether the age-related difference in stroke outcomes was related to inflammatory responses, we examined the activation of microglia, the resident immune cells in the ischemic brain. MHCII and CD206 are well-established markers for M1 and M2 microglia (or macrophage) activation, respectively [18] , and Iba-1 is a widely used marker for microglial cells [19] . IRF5 and IRF4 have been reported to induce the expression of pro-/antiinflammatory cytokines, respectively, in macrophages [10, 11] . We performed immunofluorescence co-labeling of MHCII/ IRF5/Iba-1 and CD206/IRF4/Iba-1 on microglia after stroke to quantify cells of the M1 or M2 phenotype. As shown in Figure  2B , there was only sparse expression of MHCII or IRF5 in the young and aged sham groups. In the stroke groups at either 1 or 7 d, the aged animals had significantly more MHCII/ IRF5/Iba-1 co-labeled cells than the young mice ( Figure 2F ). The same pattern was observed in MHCII or IRF5 sole staining ( Figure 2D, 2E) . A temporal change in protein expression was also found, because either MHCII or IRF5 was expressed on significantly more cells at 7 vs 1 d in both age groups (n=8/group; P<0.001). Interestingly, the results of CD206/ IRF4/Iba-1 staining exhibited a completely different pattern: the young mice in either the 1 or 7 d group had significantly more CD206/IRF4/Iba-1 co-labeled cells than the aged cohort ( Figure 3A, 3E) , and the CD206 or IRF4 sole staining showed the same pattern ( Figure 3C, 3D ). In addition, CD206/IRF4 expression showed temporal changes opposite from those of MHCII/IRF5 expression after stroke: significantly more positive cells were observed at 1 vs 7 d in both age groups (n=8/ group; P<0.001).
Serum cytokine levels were different between young and aged mice after stroke Serum cytokine levels are reflective of systemic inflammatory responses to stroke [20] , and circulating cytokines direct the migration and infiltration of peripheral immune cells into the ischemic brain. Because we had observed differentiated activation of microglia after stroke in young and aged mice, we next sought to investigate whether there was also an agerelated difference in the systemic inflammatory response. Proinflammatory (TNF-α, iNOS, IL-6) and anti-inflammatory (TGF-β, IL-4, IL-10) cytokines were examined by ELISA. In general, the levels of pro-inflammatory cytokines were higher in the aged vs young cohort, and there were significant differences at 1 and 3 d for TNF-α, 3 and 7 d for iNOS, and 3 d for IL-6 ( Figure 4A-4C) . However, the opposite pattern was found in the results of anti-inflammatory cytokines: the levels were significantly higher in the young vs aged cohort at all 3 time points, with the exception of IL-10 and IL-4 at 7 d of stroke ( Figure 4D-4F) . The cytokine data were consistent with the results of microglial activation in Figures 2 and 3 .
Activation of the MyD88-IRF5 signaling pathway was higher in aged ischemic brains MyD88 is a key adaptor protein that mediates the regulatory effect of IRF5 on M1 activation [13] . However, IRF4 competes with IRF5 for binding to adaptor MyD88 [18] . Therefore, we next performed Western blotting to determine how the proteins that are related to the MyD88-IRF5 signaling pathway changed after stroke. As expected, the expression of IRF4 was significantly higher at all three time points in young vs aged mice; however, IRF5 was more robustly expressed in the aged ischemic brains than in the young brains ( Figure 5A-5C ). The expression of MyD88 was also significantly higher in aged vs young mice at each time point ( Figure 5D, 5E) , showing the same pattern as that of IRF5 expression. 
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Discussion
Aging causes neurochemical and physiological changes in the brain that may affect ischemic outcomes after a stroke occurs. The present study examined stroke outcomes and inflammatory responses in young and aged mice, revealing several important findings. First, IRF5 and IRF4, the two interferon regulatory factors that regulate macrophage activation, are also related to microglial polarization. IRF5 and IRF4 were highly colocalized with the M1 marker MHCII and M2 marker CD206, respectively, in both the young and aged ischemic microglia, but this result was not seen in sham mice. Second, the aged animals had worse functional outcomes than those of the young mice, independently of the morphological changes in the ischemic brains; worse behavioral deficits corresponded to a more robust inflammatory response in the aged vs young cohort. Third, there was an age-related difference in microglial activation after stroke. The young stroke brains had higher IRF4 expression than the aged brains, and the high expression corresponded to a stronger M2 microglial phenotype in the young vs aged ischemic brains, as indicated by an up-regulated membrane CD206 level. In contrast, the more robust inflammatory responses in the aged stroke brains were probably induced by up-regulated expression of IRF5, which colocalized with pro-inflammatory marker MHCII. Finally, there was a temporal difference in M1 and M2 activation of microglia after stroke, because an early M2 phenotype of microglia was observed at d 1, declined at d 7 and was followed by an increased M1 phenotype in both the young and the aged groups. Post-stroke inflammatory responses play vital roles in deteriorating neuronal injury in ischemic stroke. Recent studies have shown that IRF4 and IRF5, members of the interferon regulatory factors (IRFs), contribute to macrophage polarization in periphery inflammatory diseases [10, 21] . IRF4 expression is strongly induced in bone marrow-derived macrophages by IL-4 signaling. IRF4 not only regulates the expression of several secondary DNA binding proteins that are responsible for M1 macrophage phenotypes, such as MHC-II [12] , but also increases the expression of M2 phenotype marker genes, such as Arg1, Ym1, and Fizz1 [10] . In studies of systemic inflammation, IRF4 has been considered a key modulator of M2 polarization of macrophages [10] . In contrast, IRF5 is a key inducer of M1 macrophage activation [11, 22] . In peripheral immune diseases, the TLR4-MyD88-IRF5 signaling pathway plays a critical role in regulating inflammation [21] . TLR4-MyD88 signaling is upstream of IRF5 [23] . The recognition of DAMP by TLR4 leads to the phosphorylation of IRF5 by a complex including TNF receptor-associated factor-6 (TRAF -6), interlukin-1 receptorassociated kinase-1 and -4 (IRAK-1/-4), and adaptor protein MyD88 [24] . Activated IRF5 is then translocated to the nucleus, where it binds IFN-stimulated response elements (ISREs) and promotes the transcription of multiple pro-inflammatory mediators, thus resulting in macrophage polarization toward the M1 phenotype. However, IRF4 selectively competes with IRF-5 for binding to MyD88 and inhibits the transmission of TLR outside-in signaling to NF-κB and other pro-inflammatory transcription factors [25] . Because IRF5 is the key mediator for signal transduction of the M1 phenotype, the competition between IRF5 and IRF4 for MyD88 binding renders suppression of M1 macrophage polarization [18] . Therefore, the IRF5-IRF4 regulatory axis is a key determinant of macrophage polarization when inflammation occurs [9] . Microglia have the same myeloid origin as monocytes and become the resident macrophages in the brain after stimulation of inflammatory signals [26] . Our data of the current study provide the first evidence that the IRF5-IRF4 regulatory axis is also involved in microglial polarization. Microglial activation is regulated by multiple inflammatory mediators and pathways [27] . However, it is presently unclear whether the IRF5-IRF4 regulatory axis is also the determinant factor of microglial polarization. Further studies are warranted to clarify the role of the IRF5-IRF4 axis in ischemic microglia.
Neurochemical and physiological changes occur with aging [28] ; accordingly, young and aged brains exhibit different stroke phenotypes. Aging is the most important non-modifiable risk factor in stroke, and most stroke victims are over 65 years old [29] . Therefore, it has more translational value to study the ischemic stroke with aged animal models. In the present study, the aged stroke mice had smaller infarct volumes than did young mice; paradoxically, the aged mice had higher neurological deficit scores and worse behavior test results than those of the young mice. This result was consistent with clinical data showing that older ischemic stroke patients have worse functional outcomes after stroke than younger patients, and these differences remain despite adjustment for baseline differences in stroke risk factors and other comorbidities [30] . To our knowledge, this is the first report regarding the paradoxical stroke outcomes in aged vs young animals, although our previous study using middle-aged mice has shown similar findings [31] . In our MCAO model, both young and aged mice had an equivalent decrease in CBF after MCAO, and no difference in CBF was seen at baseline, intra-ischemically, and post-reperfusion in young vs aged mice [32] . The mechanisms underlying the differential infarct volumes are not clear and may be partly because aged brains are atrophic and have more space for edema formation and less chance of developing massive infarction after ischemia, as compared with young brains. Another possible mechanism may be related to the lower level of acid toxicity in aged ischemic brains, owing to metabolic drift with aging [33] . It has been demonstrated that morphological changes in ischemic brains do not necessarily correlate with functional outcomes [31, 34, 35] . Notably, corresponding to the worse functional outcomes, aged mice exhibited more robust inflammatory responses, as indicated by significantly more IRF5-and MHCII-positive cells as well as higher serum levels of pro-inflammatory cytokines. Inflammatory responses have deleterious effects on both behavior deficits and functional recovery after stroke [36] . Our data suggested that upregulated inflammatory responses correlate less with infarct size vs functional outcomes, probably for several reasons: (1) both pro-and anti-inflammatory responses are involved in mediating ischemic injury; (2) the infarct size is initially influenced by the ischemia-induced primary tissue damage, and (3) morphological changes in the ischemic brains are determined by many pathological mechanisms not limited to post-stroke immune responses.
Interestingly, our data showed a temporal difference in M2 and M1 phenotypes of microglial activation that predominated at the early (d 1) and late (d 7) phases of stroke, respectively, in agreement with findings from previous studies [37] . Microglial activation is the key element in initiating and perpetuating post-stroke inflammation [27] . The stronger M1 microglial activation and pro-inflammatory responses seen in the aged vs young stroke mice may explain why the aged cohort had poorer functional outcomes. Up-regulated inflammation in the aged mice was clearly not correlated to the infarct size, which was smaller in the aged brains; instead, this inflammation was probably because aged brains have more activated microglia and more CD45 high leukocytes at baseline than do young brains [38] , and as a result, aged brains are "primed" to a pro-inflammatory response. In addition, aged microglia and macrophages exhibit deficits in phagocytic and chemotactic functions, as demonstrated by multiple studies on CNS diseases [39] [40] [41] . Several mechanisms may underlie the age-specific phenotype of microglia/macrophages: (1) neurons tend to degenerate and become damaged with aging, and the inhibitory ligand receptor interactions with microglia are lost gradually [42] ; (2) misfolded proteins such as amyloid-β accumulate during normal aging and stimulate the microglia to express pro-inflammatory cytokines; (3) TGF-β expression increases with age, and chronic exposure of microglia to this cytokine may impair their capacity to secrete anti-inflammatory cytokines [43] . The role of the TLR4-MyD88-IRF5 pathway in microglial activation has not been reported in ischemic stroke studies. Our data showed that there was also an age-related difference in MyD88 signaling after stroke, which matched the pattern of IRF5 expression in the aged vs young mice brains. IRF5 is required for TLR-mediated expression of IL-6, TNF, IL-12, and other pro-inflammatory cytokines, in a process controlled by several intermediate proteins, especially MyD88 [44] . Although IRF4 can compete with IRF5 for MyD88 binding [25] , the synchronous increase in MyD88 and IRF5 expression from d 1 to 7 suggested that there may be an innate mechanism for generating ample MyD88 in response to the increase in IRF5 production after an ischemic insult.
There are several limitations to this work that should be noted when interpreting the results. IRF5/IRF4 knock-out mice were not used to mechanistically study the role of the two transcription factors in inducing M1/M2 microglial polarization, because the main focus of the present study is the agerelated differences in post-stroke IRF5/IRF4 signaling. In a future study, we will use IRF5/IRF4 knock-out mice and lenti-IRF5/IRF4 viruses to manipulate the expression of the two IRFs and determine the effects on stroke outcomes. Another caveat is that we examined IRF5/IRF4 for only up to 7 d poststroke; nevertheless, the ischemic damage matured by d 7, and the examined time period was long enough for the age-related differences to occur. One of the on-going studies in our laboratory is investigating the long-term expression of IRF5/IRF4 after stroke and the roles of these factors in mediating chronic inflammation.
In conclusion, young and aged brains respond differently to ischemic insult. Ischemia is more detrimental to aged vs young brains despite the morphological changes, an effect related to differential IRF5/IRF4 signaling and inflammatory responses. Aged ischemic brains exhibit a more robust proinflammatory process, thus making post-stroke inflammation an important therapeutic target for stroke in the aged population.
